Background: For the deeply-bound one-nucleon removal at intermediate energies using a 9 Be or 12 C target, a strong reduction of cross section was observed relative to the prediction of eikonal theoretical model. The large disagreement has not been explained and the systematic trend is inconsistent with results from transfer reactions. The recently observed asymmetric parallel momentum distribution of the knockout residue indicates the significant dissipative core-target interaction in the knockout reaction with a composite target, implying new reaction mechanisms beyond the eikonal reaction descriptions. Purpose: To investigate the reaction mechanism for deeply-bound nucleon removal at intermediate energies.
Background: For the deeply-bound one-nucleon removal at intermediate energies using a 9 Be or 12 C target, a strong reduction of cross section was observed relative to the prediction of eikonal theoretical model. The large disagreement has not been explained and the systematic trend is inconsistent with results from transfer reactions. The recently observed asymmetric parallel momentum distribution of the knockout residue indicates the significant dissipative core-target interaction in the knockout reaction with a composite target, implying new reaction mechanisms beyond the eikonal reaction descriptions. Purpose: To investigate the reaction mechanism for deeply-bound nucleon removal at intermediate energies.
Method: The neutron removal from 14 O using a 12 C target at 60 MeV/nucleon was performed. Nucleon knockout cross sections were measured. The unbound excited states of 13 O were reconstructed using invariant mass method with the residues and the associated decay protons measured in coincidence. The measured cross sections are compared with an Intra-Nuclear Cascade (INC) prediction. Results: The measured cross section of ( 14 O, 11 C) is 60(9) mb, which is 3.5 times larger than that of ( 14 O, 13 O) channel. This 2pn-removal cross section is consistent with INC prediction, which is 66 mb mainly contributed by the non-direct reaction processes. On the other hand, the upper limit of the cross section for one-neutron removal from 14 O followed by proton evaporation is 4.6(20) mb, integrated up to 6 MeV above the proton separation energy of 13 O. The calculated total cross section for such reaction processes by INC model is 2.5 mb, which is within the measured upper limit. Conclusions: The data provide the first constraint on the role of core excitation and evaporation processes in the deeply-bound nucleon removal from asymmetric nuclei. The experiment results suggest that non-direct reaction processes, which are not considered in the eikonal model, play an important role in the deeply-bound nucleon removal from asymmetric nuclei at intermediate energies.
I. INTRODUCTION
Correlation effects play a very important role in the structure of nuclei which are typical quantum many-body systems. The correlations cause the fractional occupation of single-particle orbits and a spread of the single-particle strengths over a wide range of excitation energies [1] . The single-particle strength is quantified by spectroscopic factors which can be deduced from the experimental nucleon-removal cross section, and the correlation effects can be investigated by a reduction factor R s which is defined as the experimental-to-theoretical cross section ratio.
The isospin-asymmetry dependence of reduction factors have been studied using knockout [2] and transfer [3] reactions with exotic beams, in which the isospin asymmetry is characterized by the difference between the nucleons' separation energies: ∆S = S n − S p for neutron removal or ∆S = S p − S n for proton removal. It has been demonstrated that the benchmark R s reduction in stable nuclei (R s ≈ 0.6-0.7 [4] ) can be reproduced by both knockout and transfer reactions (see [5] - [7] ). However, the trends of reduction factors with asymmetric nuclei from these two methods are not consistent. A significant dependence on ∆S was found for R s from knockout reactions taken at energies lower than 100 MeV/nucleon with a light composite target ( 9 Be or 12 C), which are close to unity for loosely-bound nucleons but are as small as 0.24 for deeply-bound nucleons [2, 8, 9] . In contrast, R s from transfer reactions show a weak dependence on ∆S [3] . Recently, the inclusive knockout reaction with very asymmetric nucleus 14 O (|∆S| = 18.6 MeV) was performed [10] , and show a strong reduction of the deeply-bound neutron removal cross section. 13 N transfer reactions however indicates that no strong reduction was observed [11] . The structure of 14 O (Z = 8) could be reasonably described, as it can be reached by the ab initio calculations [12] [13] [14] . Therefore, these inconsistent results challenges our understanding of deeply-bound nucleon removal mechanism.
The knockout processes are usually described by the eikonal model, which is formulated using the sudden and eikonal approximations [15] [16] [17] . In the S -matrix calculation of eikonal model, the knockout residues are treated as a good spectator which can interact at most elastically with the target. The spectatorcore assumption is quite reasonable in describing loosely bound nucleon removal reactions. On the other hand, non-sudden effects beyond the eikonal model have been observed experimentally which are revealed in the long low-momentum tail [18] [19] [20] [21] and the abrupt cutoff [10] at high momentum in the parallel momentum distributions (PMD) of the residues from the deeply-bound nucleon knockout reactions. These deviations from the symmetrical distributions of eikonal predictions can be partly described via a coupled discretized continuum channel (CDCC) calculation [17, 22] including higherorder effects or a transfer to continuum (TC) method [10, 23] . The applicability of eikonal model for deeplybound nucleon removal is questionable.
Furthermore, non-direct reaction processes such as multiple scattering inside of the projectile and the excitation of the residues might influence the deeply-bound nucleon removal cross section when using a composite target. The eikonal model takes into account the rescattering between the projectile constituents only in an approximate way [24] . Recently, an intranuclear cascade (INC) calculation was performed to calculate the onenucleon removal cross sections, taking into account three reaction processes including direct knockout, multiple scattering and nucleon evaporation [25] . Interestingly, the INC could reproduce the deeply-bound nucleon removal cross sections which are largely overestimated by eikonal model [25] . This work suggests that the excitation and nucleon evaporation of the knockout residues could significantly impact on the deeply-bound nucleon removal cross sections. In Ref. [26] , the cross sections for the pn and 2pn removal from 14 O at 305 MeV/nucleon were measured to be 30(6) mb and 41 (6) mb, which were comparable to the one-proton removal channel (≈ 35 mb) [26] . The large pn-and 2pn-removal cross sections are expected to receive an non-direct contribution, i.e. after the deeply-bound neutron removal from 14 O, the residue 13 O is non-directly populated to unbound excited states and decay to lighter isotopes through proton emission. However, until now no such core excitation effect has been verified experimentally.
The present work aims at studying the one-nucleon removal mechanism from 14 O on a carbon target at 60 MeV/nucleon. A coincidence measurement of the knockout residues and the associated decay protons was performed, which allows us to investigate the core excitation strength quantitatively using the invariant mass method. Exclusive data from this measurement, in addition with the inclusive knockout [10] and transfer [11] results using the same nucleus 14 O will provide a benchmark for direct nuclear reaction mechanisms, shedding light on the long-standing intriguing puzzle of the discrepancy between measurements and eikonalmodel predictions for knockout reaction involving deeplybound nucleons.
II. EXPERIMENTAL METHOD
The experiment was performed at the Research Center for Nuclear Physics (RCNP) [27] 12 N) were separated event-by-event in the off-line analysis by applying cuts on the TOF and on the energy loss of the ions in the plastic scintillator before the target. Two Parallel Plate Avalanche Counters (PPACs) were placed before the target to measure the position and angle of the incoming 14 O beam. A schematic view of the experimental setup is given in Fig. 1 .
FIG. 1. Schematic view of the experimental setup.
The ejectiles as well as the unreacted 14 O beam were detected and identified by a hodoscope [28] [29] [30] located at 3.8 m downstream from the secondary target. The active area of the hodoscope is 1×1 m 2 , consisting of a 5-mm thick ∆E and two 60-mm thick E (E 1, E 2) plastic scintillators. The ∆E layer is subdivided horizontally into 13 slats, and the E 1 and E 2 layers consisted of 16 and 13 scintillator bars set perpendicular to the ∆E slats. The widths of the central five ∆E slats and six E 1 bars are taken to be narrower (40 mm for ∆E and 38 mm for E 1) to improve the balance of the counting rate among these scintillators. The widths of the other scintillators in ∆E and E 1 layer are 100 mm and 74 mm, respectively. The entire scintillator array was put in rough vacuum to reduce the background reaction with the air. Each plastic scintillator bar was coupled to two Photon-Multiplier Tubes (PMT) at both ends by light guide and optical pad. Both the timing signal and the charge signal were recorded for each PMT. The TOF of the reaction products was determined by the timing signal difference between the plastic scintillator in front of the target and the hodoscope. The Resolution of the TOF was about 1.7% (FWHM) extracted from the empty target run. The geometric mean of the charge signals of the two PMTs on the end of scintillator bars were used to determine the energy deposit. Meanwhile, the timing difference between each side of the scintillator bars was used to derive the hit position of the reaction products. The position resolutions was deduced to be about 3 cm (FWHM) for both ∆E and E 1 layer, corresponding to an angular resolution of about 0.2
• .
The momentum vectors of the forward-moving reaction products on the hodoscope were determined by combining their velocities and hit positions. The invariant mass M of a resonance is expressed as
where E i and − → P i are the energy and momentum of the decay products, respectively. The decay energy is defined as the difference between the invariant mass and the sum of the rest masses of the decay products.
The resolution of the decay energy and the detector acceptance was obtained by Monte Carlo simulation using phase-space model [31] . The simulation takes into account the beam size, energy losses in the target and geometry of the hodoscope. The time and position resolutions of the detectors from the experimental data are also included in the simulation. A few excited states of 13 O ranging from 2.7 MeV to 6.1 MeV have been reported previously [32] [33] [34] [35] [36] . All excited states of 13 O lie above its two proton separation energy (S 2p = 2.1 MeV). The one-proton decay product 12 N also has no bound excited state [33] . Due to the unfavorable penetrability, the two proton decay is at least 3 orders of magnitude less probable than one proton decay [32] . Therefore, we assume the one-neutron removal from 14 formula [37] , assuming the knocked-out neutron has a momentum spread of approximate 210 MeV/c (FWHM) [10] . The simulated acceptance for 13 O decaying into two-body (p + 12 N) and three-body (2p + 11 C) channels is shown in Fig. 2 . The events with two different particles hitting the same detector were rejected. As shown in Fig.  2 , the two-body and three-body acceptance are 80% and 60% at E decay = 0.7 MeV, respectively, and decrease to about 3% at E decay = 10 MeV.
III. EXPERIMENTAL RESULT
The particle identifications (PIDs) of the fragments for Z and A were performed by applying ∆E -TOF and E -TOF methods, respectively. Fig. 3(a) shows the charge number Z identification spectrum of scintillator bars in the middle of ∆E layer. The continuous tail in the low energy region is mainly caused by the unreacted 14 O beams reacting with scintillators. Such background contributions were measured using the empty target run. Fig. 3(b) shows the particle identification spectrum for the carbon isotopes after the background subtraction.
The cross section of 2pn removal from 14 O was extracted to be 60(9) mb.
The isotope spectrum was fitted by a multi-gaussian function with the same width. The statistical uncertainty of the total counts of 11 C is 4%. We also performed the automatic fitting without this constraint. The difference was taken as the systematic uncertainty of the cross section of 11 C, which is 13.7%. In addition, the quoted uncertainty also includes contributions from the target thickness (0.2%), particle selection (2%) and reaction losses (2%) of the charged particles in the hodoscope. Due to the insufficient energy and TOF resolutions, we could not separate the residue 13 O from the unreacted 14 O beams. Thus the one-neutron removal cross section could not be obtained from this measurement. On the other hand, because of the similar beam energy and reaction mechanism, the one-neutron removal cross section should be almost the same with that measured at 53 MeV/u on a 9 Be target, which is 14(1) mb [10] . The measured 2pn-removal cross section of 60(9) mb is much larger than that of one-neutron removal from 14 O, which may be attributed to the core excitations or other complicated reaction processes.
To determine the core excitation strength quantitatively from the pn-and 2pn-removal channels, it is necessary to investigate the unbound excited states of the residues from p + 12 N and 2p + 11 C channels. It has been reported that the first excited state of 12 N at E decay = 0.36 MeV is strongly populated in the protonknockout and inelastic reactions of 13 O on a 9 Be target [33] . Thus, the events with one proton and 11 C detected in coincidence by the hodoscope were selected and used to reconstruct the decay energy spectrum of 12 N according to Eq. (1). The 11 C events included in the present analysis for the decay of 12 N are highlighted in green, as shown in Fig. 3(b) . With this stringent cut, the contamination of 10 C and 12 C is limited to less than 5%. The 11 C events not included in this area are assumed to have the same invariant mass distribution. The background yields of multiplicity-2 events determined from the empty target measurement are negligible. The decay energy spectrum of 12 N is shown in Fig. 4(a) , in which the peak at 0.36 MeV corresponding to the first-excited state of 12 N. The spectrum was fitted with a resonant contribution with a Gaussian shape and a non-resonant contribution with a Maxwellian shape, √ E 0 ×exp(-E /E 0 ). The parameter E 0 was fixed to be 1.06 MeV which was obtained by using the event mixing technique [38, 39] . The width of the peak was deduced to be 0.24(5) MeV (FWHM) which is much larger than the intrinsic width of this state (Γ < 20 keV [40]). By taking into account the experimental resolutions, the simulated width of this peak was 0.19 MeV which is consistent with the fitted value.
Using the same method, the decay energy spectrum of 13 O can be reconstructed using p + 12 N and 2p + 11 C coincidence events. Fig. 3(c) shows the particle identification spectrum for the nitrogen isotopes in coincidence with one proton detected at hodoscope. The 12 N events included in the analysis for the decay of 13 O are highlighted in yellow. Due to the limited statistics, no obvious peaks can be observed from the invariant mass spectrum. The low statistics also make it impossible to identify the proton evaporation channels from the angular distribution of the protons in the rest frame of 13 (14) mb. On the other hand, the events of 11 C in coincidence with two protons are also scarce. In the triple coincidence events, the relative kinetic energy of 11 C with one of the proton was also reconstructed. Similar to Fig. 4(a) , a peak around 0.36 MeV could be observed which corresponds to the first excited state of 12 N, as shown in Fig. 4(b) . Thus, the sequential decay through 12 N * (2 + ) was adopted for the acceptance simulation of 2p + 11 C triple coincidence events. With the scarce statistics, we assume that all the coincidence events of 2p + 11 C came from the decay of the unbound excited states of 13 O. The corresponding cross section is 2.6(14) mb. The excitation energy spectrum of 13 O after the acceptance correction is shown in Fig. 5 . The spectrum is binned in 1 MeV and the contributions from p + 12 N and 2p + 11 C are summed together. For each reaction channel, the average acceptance in the interval of 1 MeV is adopted. The standard deviation of the acceptance within 1 MeV interval is taken as the uncertainty of the acceptance. The integrated cross section up to E * = 7.5 MeV is 4.6(20) mb. The quoted errors are mainly due to the low statistics and the uncertainties of acceptance.
Here, we note that the excitation of 13 O might spread over a large range in energy in this deeply-bound nucleon removal reaction. The observed highest excited state of 13 O is the giant dipole resonance located at 8.7 MeV in the pion double charge exchange reaction [36] . More decay channels are available for 13 O at higher excitation energies (decay to 3p + 10 B could happen if E * >10.8 MeV). These excited states or even continuum states will decay to lighter isotopes such as boron or beryllium. Due to the limitation on detection efficiency, we were not able to observe such high excited states.
In the present work, the measured 2pn-removal cross section 12 C( the proton separation energy of 13 O. In addition, the scaled one-neutron removal cross section is 16.8(12) mb, which is deduced from the cross section of 14(1) mb at 53 MeV/u [10] multiplied by a factor of 1.2 from eikonal model taking into account the energy dependence. The eikonal model calculation was performed using the code MOMDIS [41] , which was previously used for the study of the strongly bound neutron removal [8] . The neutron bound state wave function of 14 O was calculated in a Woods-Saxon potential with depth V 0 = 81.46 MeV, r 0 = 2.5 fm and a = 0.6 fm to reproduce the experimental separation energy S n = 23.2 MeV [42] . In addition, we adopted the ground-state-to-ground-state spectroscopic factor of 3.15 [10, 11] , which was calculated using the code OXBASH [43] with the WBT interaction in the (0 + 2)hω psd model space.
In the eikonal reaction theory, the one-nucleon removal cross section is the sum of contributions from the stripping and the diffractive breakup [41] . The stripping mechanism represents the absorption of the removed nucleon by the target, while the diffractive mechanism represents the dissociation of the nucleon from the residue. These two reaction mechanisms are based on the sudden and inert-core approximations, in which the elastic S -matrix of the core and the removed nucleon are calculated using the nuclear densities and nucleonnucleon cross section, while the internal structure of the core and the target is not taken into account [41] . In the case of the deeply-bound nucleon removal from an asymmetric nucleus, the nucleon separation energies of the residues could be very small which makes the evaporation channels open more easily. These channels and the separation energy of the core are not explicitly considered in the calculation of eikonal model.
On the other hand, the n-and 2pn-removal cross sections as well as the cross sections populating to the unbound excited states of 13 O were calculated using INC approach, which takes into account the excitation and evaporation of the knockout residues in a statistical framework. The present INC calculation is based on the Liége Intra Nuclear Cascade (INCL4) [44, 45] coupled with ABLA statistical de-excitation model [46] . In the intranuclear-cascade stage, the collisions between two nuclei are treated as binary cascade collisions between nucleons with energy and momentum conservation [45] . For every collision, Pauli blocking is implemented allowing only population of unoccupied final states in the phase space. The stopping time of the cascade stage is determined self-consistently, when the variations of the physical quantities (excitation energy, etc.) over time are stable. After the cascade stage, the remnants dissipate by nucleon and light ions emission [46] . The INC model has been proven to be valid for the description of various observables in reactions involving light ions (A ≤ 18) [47] .
Using this INC approach, the n-and 2pn-removal cross sections of 14 O were calculated to be 13 mb and 66 mb, respectively. The values are consistent with this work (16.8(12) mb and 60(9) mb). From the INC calculation, the direct 2pn removal from 14 O is negligible and most of the 11 C are populated by non-direct reaction processes, such as one-nucleon transfer followed by multinucleon evaporation. Furthermore, the excitation energy spectrum of 13 O after one-neutron removal from 14 O is also obtained using the INC model, as shown in the inset of Fig. 5 . The spectrum showing no resonant peaks up to 200 MeV, indicates the statistical and non-quantum features of the INC approach. The integral of the spectrum from 1.5 to 200 MeV is 6.2 mb corresponding to the calculated cross section populating to unbound states of 13 O. The predicted low-lying excited states (E * <10 MeV) of 13 O mainly decay to p-12 N and 2p-11 C channels with cross sections of 0 mb and 2.5 mb, respectively. The calculated cross sections are within the upper limits given by this measurement (2.0(14) mb and 2.6(14) mb). On the other hand, INC also predicts the cross section populating to the higher excited states (E * >10 MeV) of 13 O which mainly decay to other channels such as 3p + 10 B. The integrated cross section of these channels from 10 MeV to 200 MeV is 3.7 mb, which is comparable to that in the low-lying excited states. The cross sections are summarized in table I.
In the present work, the upper limit of the cross section for one-neutron removal from 14 O followed by proton evaporation is 4.6(20) mb. Our measured upper limit is consistent with the predictions of INC model of a total cross section of 6.2 mb to unbound excited states of 13 O, which cannot be neglected in the deeply-bound neutron removal from 14 O. In Ref. [25] , it has been shown that the one-neutron removal cross section of 14 O could be well reproduced by INC model calculation which gives a reduction factor of around unity. Together with Ref. [25] , our results suggest that the large discrepancy involving deeply-bound states between measurement and eikonal model calculation could be due to the neglect of nondirect reaction processes in the calculation. However, we should note that INC models lead to semi-quantitative information since they do not explicitly contain structure information. Some invalidity of INC approach for the one-and multi-nucleon removal reactions was discussed in Ref. [48, 49] . On the other hand, significant core excitation in low-lying excited states has been described within the Faddeev-AGS quantum scattering framework [50] . The effects of continuum up to very high excitation energies can be treated using the CDCC formalism, despite of the computational difficulty. From the experimental point of view, to reduce the non-direct reaction processes, we can use proton target as a cleaner probe for the deeply-bound nucleon removal which can be described by the distorted-wave impulse approximation (DWIA) [51] .
IV. SUMMARY
In summary, we have performed a knockout experiment using 60 MeV/nucleon 14 O beam on a carbon target at RCNP. The knockout residues were measured in coincidence with the associated decay protons. The invariant mass method was applied to reconstruct the unbound excited states of 13 O. The measured 2pn-removal cross section is 60(9) mb, which is 3.5 times larger than the deduced one-neutron removal cross section of 16.8(12) mb. The 2pn-removal cross section is consistent with the INC prediction, which is 66 mb mainly contributed by the non-direct reaction processes. On the other hand, the upper limit of the cross section for one-neutron removal from 14 O followed by proton evaporation is 4.6(20) mb, integrated up to 6 MeV above the proton separation energy of 13 O. The calculated total cross section for such reaction processes by INC model is 2.5 mb, which is within the measured upper limit. Furthermore, INC predicts a total cross section of 6.2 mb for the non-direct population of unbound 13 O*, while the cross section populating the ground state of 13 O is only around 16.8 mb. Therefore, the non-direct population of 13 O* cannot be neglected in the deeply-bound neutron removal from 14 O. The experimental results are consistent with INC predictions, indicating that non-direct reaction processes, which are not considered in the eikonal model, play an important role in the deeply-bound nucleon removal from asymmetric nuclei at intermediate energies.
